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SUMMARY 


This paper presents broad-band rms, spectral density and spatial correlation 
information that characterizes the fluctuating pressures and forces that cause 
aircraft buffet. The main theme of the paper in describing buffet excitation 
is to show the effects of elasticity. In order to do so, data are presented 
which were obtained in (a) regions of separated flow on wings of wind-tunnel 
models of varying stiffness and (b) on the wing of a full-scale aircraft. 
Reynolds number effects on the pressure fluctuations are also discussed. 
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NOTATION 

= acceleration at wing tip 
= aspect ratio 

= semispan length, m (ft) 

= bending moment, N*m (lb* ft) 

= chord length, m (ft) 

= mean aerodynamic chord, m (ft) 

= section normal force coefficient 
= ‘total normal force coefficient 
= pressure coefficient 
= frequency, Hz 

2 2 

= power spectral density of pressure, (N/m ) /Hz 

2 

= power spectral density of normal force, N /Hz 
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= power spectral density of bending moment, (N—m) /Hz 
= pressure altitude, km 

= incidence angle (referred to model centerline), deg 

= moment arm, m (ft) 

= leading edge 

= Mach number 

= pressure, N/m 2 (lb/ft 2 ) 

= power spectral density 

2 2 

= dynamic pressure, N/m (lb /ft ) 

- Reynolds number 

- root mean square 

= root mean square 

2 2 

= area, m (ft ) 

= thickness, m (ft) 

= taper ratio 

= velocity, m/s (ft/s) 

= wing station 

= chordwise position from LE, m (ft) 

/ 

= angle of attack (referred to centerline) , deg 

= angle of attack (referred to chordline at wing pivot) , deg 

= dihedral angle, deg 

= coherence function 

= ratio of span station to semispan 

= sweep angle, deg 
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INTRODUCT ION 

It is well known that the pressure fluctuations associated with separated 
turbulent boundary layers cause buffeting of aircraft and component structures. 

The occurrence and extent of separated flow on a body is dependent upon the 
geometry and velocity of the body in a fluid and on the fluid density and 
temperature. Separation takes place whenever the boundary layer is subjected 
to intense positive pressure gradients. Such gradients occur due to abrupt 
changes in the geometry relative to the flow, e.g., leading and trailing edges 
of wings and discontinuities of surfaces including spoilers and cavities, and 
due to compressibility. The fluid mechanics of separated flow as it relates 
to the buffet problem is clearly described in references 1 through 6. 

The most significant buffet problem today is associated with transonic maneu- 
vering of high-speed combat aircraft. In the transonic case the occurrence of 
the shock on the upper surface of a wing and the corresponding severe positive 
pressure gradient can cause flow separation at cruise and/or maneuvering angles 
of attack which are considerably below subsonic stall angles. As a result an 
aircraft can encounter mild to intense buffeting at transonic speeds which may 
limit its maneuverability and induce both pilot and structural fatigue. 

The effects of buffeting and other transonic phenomena on maneuvering combat 
aircraft were the subject of a study by an AGARD Working Group (sponsored by 
the Flight Mechanics Panel) which was reported in Reference 7. This study, 
also summarized by Lamar (the Working Group Chairman) in Reference 8, documented 
the comprehensive review of the state of the art of buffet test techniques and 
prediction methods that was carried out by the Working Group. Noteworthy other 
recent contributions on experimental techniques for predicting buffet loads 
have been made by John Hanson^, and Butler and Spavins- 1 -- 1 -. Three different 
approaches of testing buffet models in wind tunnels are described that are in 
current use. One approach uses a dynamically scaled aeroelastic model to 
provide a direct measurement of full-scale buffet characteristics- 1 -^. A 
second approach involves the measurements of the fluctuating pressures on a 
nominally rigid model which are then used to calculate the response of the 
elastic aircraft- 1 - 2 The third approach, suggested by Jones of the RAE^ uses 
measurements of the buffet response of a nominally rigid model of a wing to 
calculate the aerodynamic excitation and damping which then are used to 
calculate the response of the corresponding full-scale wing. 

Each of the experimental approaches for obtaining buffet intensity information 
has its unique technical and cost advantages or disadvantages. From a cost 
point of view the dynamically scaled models are the most expensive whereas 
simple solid-metal models having only straingage and accelerometer instrumen- 
tation are clearly the least expensive. It is generally expected that dynamically 
scaled models yield the most accurate prediction of full-scale buffeting. On 
the other hand, the fluctuating-pressure measurement technique for predicting 
buffeting has the decided advantage of also revealing local flow-field infor- 
mation that is a necessary adjunct to buffet research. It is for this reason 
that the buffet research at NASA-Ames Research Center has employed the fluctuating- 
pressure method. There is a critical question to be resolved, however, with 
respect to measurements of fluctuating pressures on models, and that is the 
question of how well the measurements on models represent what really occurs on 
the full-scale vehicle. The main problem is the effect of the different elastic 
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characteristics of the model and flight vehicle. Effects of Reynolds number are 
also a problem important to all subscale testing . 

The purpose of this paper is to describe separated— flow unsteady pressures and 
forces on elastically responding structures. The main theme of the paper in 
describing buffet excitation is to make an assessment of the effects of 
elasticity and Reynolds number. In order to accomplish this task, fluctuating 
pressure data are presented that were measured on several wind tunnel models 
and aircraft including the F-111A, F— 111-TACT and F-5A. 

SCOPE OF BUFFET RESEARCH AT NASA-AMES RESEARCH CENTER 

A systematic buffet study as charted in Fig. 1 is being conducted at Ames 
Research Center to measure and analyze the aerodynamic excitations that cause 
aircraft buffet and/or the response of local structure. The data presented in 
this paper illustrate results from each of the three-dimensional configurations 
listed. The planned program is not yet complete and the questions posed cannot 
be entirely resolved at this time, however, a significant amount of progress 
has been made. 

The experimental phases of the research encompass the measurements of fluctuating 
pressures, fluctuating-pressure summations to yield integrated dynamic forces, 
and structural responses on two- and three-dimensional wind-tunnel models and 
on aircraft having various geometries appropriate for study. The effects of 
aerostructural interactions, a main theme of this paper, are being investigated 
by examination of pressure spectra relative to response modes and by direct 
comparison of fluctuating-pressure data from two TACT (joint USAF-NASA Transonic 
Aircraft Technology Research Program) models of different stiffness and from 
corresponding TACT and F-5A models and aircraft. The end objective of the 
research is to investigate and evaluate buffet response prediction techniques 
that are based on the measured aerodynamic excitation. The TACT program, which 
involves tests of an F-lll configuration xrLth a supercritical wing, and its 
application to buffet research is described in detail in References 7 and 8. 

Another joint effort by the USAF, NASA and the RAE involving the TACT program 
will provide an evaluation of the Jones method-*--*- of buffet prediction. Wing 
rock, also listed in Fig. 1, is a related subject of investigation that is part 
of the Ames buffet research program. The wing-rock research is intended to 
determine if the onset of wing-rock instability can be predicted from wind-tunnel 
model tests and also to determine to what extent the severe motions of wing 
rock effect buffet excitation pressures. 

Some of the research on configurations shown in Fig. 1 has been completed and 
reported. The two-dimensional investigation was undertaken jointly by NASA and 
McDonnell Douglas Research Laboratories to study surface-pressure and wake-flow 
fluctuations in a supercritical airfoil flowfield. These results, which dis- 
closed the presence of an aerodynamic frequency not yet identified in data from 
the three-dimensional models, have been reported by Roos and Riddle-*- . Riddle 
also has reported a significant amount of the pressure-fluctuation data from 
tests of a 1/6-scale semispan model of the F-111A 15 . A contract effort with 
General Dynamics Corporation provided F-111A flight buffet-response data from 
a previous loads flight-test program, as reported by Benepe, et al!6,17_ These 
data were used to verify the results of the buffet response prediction technique 
developed under the same contract and reported by Cunningham, et al 13 . Fluctuating- 
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pressure spectral density and spatial correlation data from the F-lllA 1/ 6-scale 
semispan wind-tunnel tests were used as the aerodynamic excitation for calculating 
the F-111A responses. A paper is also presented by Cunningham at this meeting 
that describes his prediction technique and assessment of the fluctuating- 
pressure method for predicting aircraft buffet. Another contract effort with 
Northrop Corporation, which is still in progress, provided fluctuating-pressure 
and response data measured in flight on the thin, low-aspect-ratio wing of the 
F-5A. The fluctuating pressures and calculations of response and comparisons 
with the measured buffeting of the F-5A have been reported by Hwang and Pil2,18. 
The F-5A investigation is continuing with analysis of the fluctuating pressures 
measured on a 1/7-scale model in progress. The F-5A model tests also include 
the investigation of wing rock. 


F-111A 

Model and Instrumentation 

The 1/6-scale model of the F-111A is shown installed in the Ames 11- by 11-ft. 
Transonic Wind Tunnel in Fig. 2. The F-111A variable-sweep wing configuration 
was chosen as a means of studying buffet characteristics over a wide range of 
wing sweep angles using a single instrumented model. This allowed acquisition 
of buffet data characterized by shock induced separation, leading edge separation, 
and leading edge vortices. Because the primary study dealt with the surface 
pressure fluctuations and resultant responses of the wing, the 1/ 6-scale, semi- 
span configuration was chosen to allow the maximum physical sized wing consistent 
with blockage considerations for the Ames 11- by 11-Foot Transonic Wind Tunnel. 

The benefits of the large solid steel semispan model were volume for the instru- 
mentation, high strength and rigidity for high angle-of— attack and high dynamic- 
pressure testing, and nearly full-scale Reynolds number capability for more 
faithful representation of separated flow phenomena. Natural boundary-layer 
transition occurred at approximately 3% chord, therefore no grit trip was used. 

A solid floor plate was used to seal the slots in the tunnel floor in the 
vicinity of the model. 

The individual components of the F-111A model are labeled and the geometric 
parameters are listed on the sketch in Fig. 3. No attempt was made to duplicate 
the F-111A fuselage and inlets as their contribution to the fluctuating wing 
flow-field was considered to be negligible. However, the contours of the wing 
glove of the 'F-111A were duplicated to allow the inclusion of the glove-induced 
leading-edge vortex effects on the fluctuating pressure characteristics. At 
a wing sweep angle of 72°, tests were conducted with the removable horizontal 
tail on and off the model, resulting in the conclusion that the tail had no 
significant effect on the wing nonsteady aerodynamics. All data presented in 
this paper represent the tail-on configuration, with the tail incidence fixed 
at 0° relative to the model reference centerline. 

Figure 4 shows the locations of the mean static pressure orifices, the fluctu- 
ating pressure transducers, and the mean and fluctuating bending and torsional 
moment strain gages. The wing was instrumented with 97 miniature transducers 
capable of measuring pressure fluctuations with a flat response over a bandpass 
frequency range of 10 to 5000 Hz. All the pressure instrumentation was 
oriented in rows parallel to the wind-tunnel flow at a wing sweep angle of 26° . 
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The primary modes and frequencies of the steel, variable-sweep wing panel were 
determined, prior to the aerodynamic test, with the model installed in the wind- 
tunnel test section. Mode shapes and locations of- node lines were also 
determined. The frequencies associated with the first four primary wing modes 
are listed in Table 1. The tests were conducted in the Ames 11- by 11-Foot 
Transouic Wind Tunnel at Mach numbers of 0.6 'through 1.3 at a Reynolds number 
of 12x10 , based on mean aerodynamic chord for wing sweep angles of 16°, 26°, 
38°, 50°, and 72°, as measured at the wing leading edge. Additional details 
of the model, instrumentation and data reduction can be found in Reference 15. 


Fluctuating Wing Pressures 


Root-Mean-Square Pressure Fluctuations .- Chordwise distributions of mean static 
and fluctuating pressures on the wing upper surface at 0=0.602 are presented 
for A=26° and M=0.85 in Fig. 5 to illustrate the relationship of the mean and 
fluctuating pressures prior to, and during, various levels of buffet. At a=0°, 
well below the onset of buffet, the static pressure distribution shows that 
the normal shock wave was at approximately 65% chord, with complete pressure 
recovery at the trailing edge, indicative of attached flow. The corresponding 
RMS pressure distribution shows a slight peak at the location of the shock wave, 
indicative of a small random shock oscillation. At a= 3.1°, approximately at 
the buffet onset boundary as determined by the wing response measurements, the 
static pressure distribution shows that the pressure recovery at the trailing 
edge was weakened with shock— induced separation imminent. The RMS pressure 
amplitudes under the shock wave and near the trailing edge increased, indicating 
an increasing shock strength and an apparent increasing amplitude of shock-wave 
oscillation. At a=6.1°, the pressure distribution shows that the flow was 
separated from the shock wave to the trailing edge. The fluctuating pressures 
were still mild, except in the region of the shock wave, at this angle of attack. 
At a=9.1°, the RMS levels aft of the shock indicate large pressure fluctuations 
in the shock-induced separation that covered a substantial portion of the section. 
Based on the wing response measurements, the wing was experiencing heavy buffet. 
At ot«»12.2 0 , the flow at n=0.602 was entirely separated aft of the 7% chord, as 
determined from the fluorescent-oil flow data. The RMS levels were high across 
the entire section, except for the small region near the leading edge. 

The mean static and fluctuating pressure data presented in Fig. 5 have shown 
distinct relationships for different elements of the flow over the wing. 

Attached, accelerating flows ahead of the shock wave are indicated by decreasing 
mean static pressures and low RMS levels. Attached flows aft of the shock wave 
are indicated by positive mean static pressure recovery at the trailing edge 
and low RMS levels. The shock-wave location is indicated by a steep, positive 
slope of the mean static pressures and a sharp RMS peak due to the shock 
oscillation. Separated flows are indicated by negative mean static pressure 
recovery at the trailing edge and high RMS levels. 

Power Spectra and Coherence of Fluctuating Pressures . - Quantitive evaluation 
of the buffet excitation aerodynamics depends upon the amplitudes and spatial 
and temporal relationships of the pressure at each point on an aircraft surface. 
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In this section, the power spectra and streamwise cross spectra in terms of 
coherence are presented for A=26°, M=0.85, and n=0.602. The spectra are pre- 
sented for the full range of angles of attack to illustrate the changes that 
take place as the flow separates. 

Figure 6 presents the power spectra and coherence of pressures measured at a=0° . 
Except for the peak due to wind- tunnel-induced noise at 2700 the shape and 

the amplitude of the power spectrum of the fluctuating pressure measured at 5% 
chord is indicative of attached turbulent flow. The existence of a turbulent 
boundary layer was substantiated by sublimation tests which showed that natural 
transition from a laminar to a turbulent boundary layer occurred at approximately 
3% chord. For this angle of attack, below the buffet onset where the structural 
modes of the wing have not yet been significantly excited, a broad energy peak 
occurred in the power spectrum of the pressure beneath the wing shock wave (65% 
Chord). This peak, centered at approximately 48 Hz, is not associated with any 
known model-structural or tunnel-background noise frequencies. This same peak 
is evident to a lesser degree in the power spectra at 95% chord and at 22.5% 
lower surface chord. This suggests that an oscillation of the circulation 
around the airfoil is occurring as suggested by Jones ^ and Mabey^. Another 
interesting possibility is that instead of the peak at 48 Hz being significant 
the valley at lower frequencies may be a negative peak associated with the 
first bending mode. A hypothesis by Jones™ regarding negative peaks will be 
further discussed as more data are presented. The coherence between 5% and 
10% chord was high for the 10-5000 Hz range of these data. Comparing 65% 
chord (the shock position) with 70% chord, one notes the high coherence of the 
pressures in the region of 48 Hz. This same characteristic is repeated in the 
coherence between the pressures measured at 90 and 95% chord. This tends to 
support the hypothesis that there was an oscillation of circulation. 

Figure 7 presents the power spectra and coherence of fluctuating pressures 
measured at a=4.0°. This angle of attack represents data approximately 1° beyond 
the buffet onset boundary. The power spectra characteristics including the shock 
wave and rearward of the shock wave show increased energy in the region of the 
wing first torsional mode (189 Hz) . The peak in the pressure spectra occurred 
at 165 Hz. The peak at 48 Hz, which occurred at a=0°, is no longer predominant. 
The coherence data in the region of the shock wave and near the trailing edge 
indicate that a strong correlation existed in the region of the wing first 
torsional mode. Thus, it is suggested that the circulation oscillation which 
was being driven by the shock-wave /boundary-layer interaction now has coupled 
with the torsional mode. 

Figure 8 presents the power spectra and coherence of fluctuating pressures 
measured at a=9.1°. At this condition, the shock-induced separation affected a 
large portion of the wing, and the buffet response of the wing was large. The 
power spectrum at 5% chord of the upper surface and 22.5% chord of the lower 
surface now show small peaks at the wing first bending mode, although larger 
peaks occurred at the wing first torsional mode. The torsional-mode peak was 
very significant in the region of the shock and in the separated flow. At 95% 
chord, the level of the peak was an order of magnitude higher than the level 
at lower frequencies. The coherence data show high correlation at the torsional- 
mode frequency in the region of the shock wave and near the trailing edge. This 
same correlation is evident in the coherence data at the leading edge of the 
wing, thus tending to substantiate the hypothesis that there is a circulation 
oscillation coupled with the torsional mode. 
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Figure 9 presents the power spectra and coherence of pressures measured at 
a~12.2° , For this condition, the flow at ri=0.602 was separated aft of 7% 
chord with high RMS pressure levels across the section as shown in Fig. 5. The 
increases in the levels of the power spectra at a=12.2° as compared to a=9.1°, 
especially at 5% chord, are evident. At 95% chord, the power spectrum shows that 
there was a broad energy peak centered at 300 Hz. The coherence between 90% and 
95% chord was high in this same frequency band. Since spectral peaks did not 
occur or were relatively small at modal frequencies, there must be less tendency 
for the flow to couple with the motion when it is more completely separated. 


Pressure Summations and Responses 


Electronic summations of the 97 fluctuating pressure transducer outputs provided 
fluctuating-section normal force coefficients at each of the five wing sections 
to show spanwise variations in the buffet excitation and the total fluctuating 
normal force coefficient and wing-root bending moment for the entire wing panel. 
Although for this case the summation technique has been applied to the determin- 
ation of fluctuating normal forces and bending moments, the same approach can be 
applied to the determination of generalized forces that represent the primary 
vibration modes of interest. 

Root-mean-square Characteristics Figure 10 presents the RMS of the section 
and total wing normal-force coefficient fluctuations for A=26° M=0.85. At 
ri=0.273 and 0.438, the flow was characterized by relatively weak fore and aft 
inboard shock waves and by a wing-glove induced vortex which crossed the wing 
root. This vortex appeared to stabilize the inboard flow, thus accounting for 
the low RMS levels and mild increase with angle of attack. At T]=0.602 the 
outboard shock wave resulted in substantial shock-induced separation from a=6° 
through 10°. At 12°, the flow was separated over most of the section at rp0.602 
but the RMS level was lower due to the lower coherence of the pressures, as 
previously discussed. At n=0.768 and 0.932, the flow was characterized by 
strong shock-induced separation through a=12°. The total wing normal force 
coefficient is similar in RMS level and growth rate to the inboard section 
coefficients and does not reflect the characteristics at the outboard sections. 
Part of this effect is due to the area weighting of the fluctuating pressure 
inputs to obtain the total normal force on the high- taper-ratio wing, where 
the inboard section pressures apply to larger areas. The effective area for 
the pressures at T)=0.273 is 28.7% of the total wing area and only 11.1% at 
0=0.932. The low RMS level of the total wing normal force coefficient is also 
due to a degrading of the spanwise correlation of the section pressures as the 
separated area increased with angle of attack. The last statement will be more 
evident when the spectral and spatial data are discussed in the next section. 

Power Spectrum and Coherence Characteristics .- Figure 11 presents the PSD and 
coherence characteristics of the fluctuating section normal force coefficients 
at A=26°, M=0.85, and a-6 ° , 9°, and 12°. These data correspond to the RMS of 
the section normal-force coefficient fluctuations presented in Fig. 10 for 
angles of attack that exceed the buffet boundary. The spectra show the effects 
of increasing separated flow on the wing with increasing a and the effects of 
motion on buffet forces. 
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At a=6.1°, the shock-induced separation increased at the two outboard sections, 
n=0.768 and 0.932, and therefore the corresponding spectra are significantly higher 
than for other sections. The coherence shows that the dominant correlation 
between sections occurred at the torsional mode frequency for the outboard wing 
sections only. At a=9.2°, the shock-induced separation was substantial at 
0=0.602, 0.768, and 0.932. Prominent narrow-band peaks occur in the spectra and 
coherence at the frequency of the first torsional mode, indicating that the 
coupling observed in the local pressure spectra (Fig. 8) also influenced the 
section and overall nonsteady forces. The torsional mode coupling had the 
largest influence on the energy content of the spectra at 0=0.602. At a=12.3°, 
the more extensive separation caused an increase in the spectra at lower frequencies, 
and there was almost no coupling with structural modes. The coherence between 
sections was low, and therefore, even though the spectral levels were considerably 
higher than at a=9.2°, the total fluctuating normal force was only slightly 
higher. It is significant that coupling occurred only at a=9.2°. More discussion 
of this point will follow as the results from other configurations are presented. 

As previously mentioned, the fluctuating pressures (voltage time histories) were 
also summed to yield the nonsteady moment about the wing root. Figure 12 presents 
a direct comparison of the response spectra of the fluctuating wing-root bending 
and fluctuating torsional moments and the excitation spectra of the fluctuating 
bending moment derived from the fluctuating pressure summations. The data are 
for A=26°, M=0.85, and ot- 9° and 12°. The primary measured responses (wind-on) 
were the first bending mode at 26 Hz and the first torsion mode at 208 Hz. There 
were smaller responses at 100 Hz, corresponding to the second bending mode, and 
at 165 Hz and 380 Hz, both unidentified modes. The 165 Hz response of the bending 
moment gage is noteworthy because it corresponds exactly with the frequency peak 
in the bending moment excitation from the pressure summation at a=9.2°. The 
coupling was therefore due to this unidentified bending mode or the first torsion 
mode. Comparison of response frequencies in Fig. 12 with wind-off values in 
Table 1 show that the bending— mode frequencies were unchanged, but the first 
torsion mode (189 Hz vs 208 Hz) differed considerably. This result indicates 
that aerodynamics more strongly influenced the torsional response of the wing 
at high subsonic speeds than it did the bending response. The fact that the 
narrow-band peak in the excitation spectra at a=9.2° (Fig. 12) does not agree 
precisely with the torsional response frequency is consistent with Jones^” who 
hypothesizes that if aerodynamic stiffness and/or inertia are considered in 
addition to aerodynamic damping, the total fluctuating aerodynamic force could 
contain a negative spectral peak at the response resonant frequencies and an 
adjacent positive spectral peak slightly off the resonant frequencies due to 
the contribution of the out-of-phase aerodynamic forces. Jones argues that if 
aerodynamic damping is positive then the total fluctuating aerodynamic force 
on a structurally responding wing should contain negative spectral peaks at the 
frequencies of resonance because of cancellation of the aerodynamic excitation 
at these frequencies by the corresponding in-phase motion-dependent aerodynamic 
forces. Such a negative peak appeared at the first bending-mode frequency in 
the pressure spectra (Figs. 6-9). 

Figure 12, and also Figs. 9 and 11, show that when separation was widespread 
on the wing at a=12° there was insignificant coupling of the aerodynamic forces 
that cause buffeting and the motion. It is important therefore to keep in mind 
that the F-111A data show the tendency for the separated-flow nonsteady pressures 
to be influenced by motion only at certain conditions. Additional data from the 
TACT and F-5A tests also show tendencies of motion effects on the measured non- 
steady pressures only for isolated conditions of M and a. 
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TACT 


The objectives and scope of the joint USAF-NASA TACT program are described in 
References 7, 8 and 21. The primary buffet research objective of the TACT 
program is to validate the suitability of measurements of unsteady pressures 
and forces on wind-tunnel models for prediction of full-scale aircraft buffeting. 
The investigation includes testing of too 1/6-scale semispan models of different 
stiffness and corresponding flight tests of the TACT aircraft which is a 
modified F-111A with a supercritical wing. The TACT buffet research is still 
in progress, and unfortunately none of the flight buffet information is in 
reduced form. However, a small amount of the TACT scale-model data have been 
analyzed and can be presented to illustrate some separated flow -unsteady 
pressures and forces and effects of elasticity and Reynolds number on these 
pressures and forces. 


Models and Instrumentation 

The 1/ 6-scale semispan models were constructed of solid steel and aluminum. 

The installation in the Ames 11- by 11-Ft Transonic Wind Tunnel was similar to 
the installation of the F-111A model (Figs. 2, 3). The half-fuselage model used 
for the TACT model wings was scaled from the aircraft, in contrast with the 
semicircular shape of the fuselage used for the earlier F-111A model. Pertinent 
geometric information about the TACT models are listed in Fig. 3 along with the 
corresponding information for the F-111A model. 

The locations of the fluctuating-pressure instrumentation on the models and 
aircraft are shown in Fig. 13. The steel and aluminum semispan-wing models 
were left-wing panels. Each model had 50 pressure transducers installed by 
the technique described for the third-phase tests of the F-111A model^S % The 
aircraft has 25 pressure transducers installed in the right-wing panel. All 
the fluctuating-pressure instrumentation was oriented in rows parallel to the 
free-stream flow at a wing-sweep angle of 26°. Both the models and the aircraft 
have wing-tip accelerometers and wing-root bending and torsion strain gages. 

The test technique used for the TACT steel and aluminum models, the data 
acquisition system, and data reduction were the same as described in Reference 
15 for the F-111A model. The TACT model tests were conducted over a Mach 
number range from 0.7 through 0.95 at sweep angles of 26°, 35° and 58°. 

Reynolds number was varied from 7x10 ^ to 14x10 , based on mean aerodynamic 
chord at A=16° . Vibration-mode frequencies and node lines were determined at 
each of the sweep angles with the models installed in the wind-tunnel. The 
frequencies associated with the primary modes for A=26° are listed in Table 2. 


TACT Fluctuating Pressures 

Root-Mean-Square Pressure Fluctuations .- Measurements of the RMS values of the 
pressure fluctuations on the l/6-scale TACT steel and aluminum models at A=26° 
are illustrated in Fig. 14 for M=0.80 and in Fig. 15 for M=0.90. The results 
are shown for a mild buffet condition at oip= 9° which is just above the buffet 
boundary, and for moderate to severe buffeting at Op=12°. The length of each 
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vertical line on the wings and horizontal tail represent the RMS values of the 
pressure fluctuations at the locations of the measurements. At a p = 9° the 
pressure fluctuations which occurred on the wings in the region between the 
shock wave and trailing edge were relatively small for both M=0.80 and 0.90, 
since the shock strength was weak and did not induce separation. At 0^=12° the 
flow was extensively separated downstream of the shock waves and relatively high 
pressure fluctuations resulted. It may be noted that the most upstream trans- 
ducers near the boundary of the disturbed flow on the wings did not always 
measure high pressure fluctuations which are characteristic of shock waves. 

The absence of the shock-wave detection and corresponding high pressure-fluctuation 
measurements is due to the fact that the shock wave was between transducers for 
the specific angles of attack shown. 

Of special interest in Figs. 14 and 15 is the comparison of the RMS values of 
the pressure fluctuations on the steel and aluminum wings for the same conditions 
of Mach number, angle-of-attack and Reynolds number. Generally the RMS values 
and the distributions of the pressure fluctuations are similar. It can be noted, 
however, that the upstream boundary of the disturbed-flow regions was slightly 
closer to the leading edge of the steel wing than on the aluminum wing for both 
ctp=9 0 and 12°. This variation is considered to be due to static-elastic 
differences in the wings and the consequently greater washout of the aluminum 
wing than the steel wing under aerodynamic loading. Such effects cannot be 
ignored with respect to buffet-excitation prediction, although the effects may 
be small when compared to overall accuracies expected of random data. 

Power Spectra and Coherence of Fluctuating Pressures .- Figures 16, 17 and 18 
show representative PSDs of the pressure fluctuations on the TACT models from 
the limited analysis of data that has been completed to date. These spectra 
further illustrate the characteristics of the pressure fluctuations in separated 
flow and contribute to the assessment of motion effects. The corresponding PSDs 
from the steel and aluminum wings are from selected pressure measurements along 
the chord at n=0.694 for the same test conditions shown in Figs. 14 and 15. 

Figures 16, 17 and 18 show that the spectra from the steel and aluminum wings 
were in good agreement except where motion effects have influenced the data. 

At M= 0.90 and ctp= 9° (Fig. 16), which represent conditions slightly above the 
buffet boundary, motion effects were minor with only a slight tendency noticeable 
for the data to peak at a frequency corresponding to the second bending-mode 
frequency. The low levels of the spectra at x/c=0.20 are associated with the 
attached-flow region ahead of the shock wave. The spectra at x/c=0.45 for the 
steel wing and at x/c=Q. 54 for the aluminum wing are typical for the shock wave 
region. The fact that the shock waves were at different chord locations is 
attributed to a static elastic effect previously shown in connection with the 
RMS data. The spectra at x/c=0.63 and x/c=0. 90 are from a region of disturbed 
flow downstream of the shock wave that was not separated. 

Figure 17 shows PSDs of the pressure fluctuations on the TACT models when the 
flow was extensively separated at M=0.80 and a=12°. The spectra for the steel 
and aluminum wings are considered to be in very good agreement, and there is 
no indication by peaks in spectra that the pressure fluctuations were influenced 
by the motions of the elastically responding wings. In contrast. Fig. 18, con- 
taining PSDs for M=0.90 and a=12° which was also a condition of widespread 
separation, shows that the pressure fluctuations on the steel wing, but not the 
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aluminum wing, were affected by motion. In this case the apparent coupling was 
with the second bending mode as opposed to the torsional mode coupling of the 
F-111A. In Fig. 18 the spectra at x/c=0„20 are from pressures in the region of 
the shock wave and the spectra at x/c=0.32 are strongly influenced by the shock- 
wave oscillations as indicated by the concentration of energy at low frequencies. 
The spectra at x/c=0.63 and 0.90 (Figs. 17 and 18) are typical of separated flow. 

The reasons for the coupling of the pressures with the second bending mode of 
the steel wing but not of the aluminum wing are not readily apparent. The 
second bending mode frequencies were similar (steel, 96 Hz vs aluminum, 99 Hz, 
Table 2) , and the still air vibration tests showed that the second-bending— mode 
node lines were similar for both wings. Additional analysis will determine the 
relative response amplitudes of the wings and also whether coupling occurred 
with the aluminum wing for any of the test conditions . 

Some measurements of the coherence of the pressure fluctuations on the l/6—scale 
TACT models at T)= 0.694 are shown in Fig. 19 for the same test conditions as the 
previously discussed spectra at a=12° for M=0.80 and 0.90. Generally the trends 
of the coherence of the pressure fluctuations were similar for the steel and 
aluminum wings with the exception of the results at M=0.90 which show a strong 
coherence of pressures on the steel wing at the second bending-mode frequency. 
Typical differences in coherence between pressures strongly influenced by a 
shock wave and pressures in regions of separated flow can be seen. As might be 
expected, because of the low-frequency content of shock-wave spectra, the 
coherence of pressures influenced by shock-wave oscillations is concentrated at 
low frequencies (Fig. 19, M=0.90, 0.32c/0. 46c) . The coherence of pressure 
fluctuations in separated flow regions extends to frequencies approximately ten 
times higher than for shock waves. The coherence for the transducer spacings 
shown is significant, however, more data is needed to establish the spatial decay 
of coherent pressure fluctuations in separated flow on airfoils. Extensive data 
analysis is in progress similar to the analysis of Reference 22 which will show 
if the spectral and spatial characteristics of pressure fluctuations in separated 
flow can be generalized for airfoils and other geometries. 


TACT Pressure Summations 

Electronic summations of the 50 fluctuating pressure transducer outputs provided 
fluctuating section normal force coefficients at the four instrumented wing 
sections of the TACT models and the total fluctuating normal force coefficients 
for the wing panels. 

Reynolds Nu mber Effects on Normal Force Fluctuations.- The variations of section 
normal and total normal force fluctuations with angle of attack for the TACT 
l/6-scale steel model at M=0.80 are shown in Fig. 20 to illustrate effects of 
Reynolds number. The data are for three test Reynolds numbers of 7.0 x 10^, 

10.5 x 10° and 14.0 x 10 . Reynold s-number effects can only be inferred from 
these data since, for a given Mach number, dynamic pressure, q, also varies 
proportionately with Reynolds number changes in the Ames 11- by 11-Ft. Transonic 
Wind Tunnel. Static loads and hence static elastic effects and also "q" dependent 
dynamic effects are combined in 'the data. The results for the three test Reynolds 
numbers show that normal force fluctuations were in relatively good agreement up 
to ctp= 12° with the exception of one point at otp= 10°. At angles of attack 
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great er than 12° the normal force fluctuations varied significantly with 
Reynolds number. The most pronounced effects occurred at the inboard wing 
sections. The fact that the Reynolds number variations had very little effect 
on the data at the most outboard station, n=0.849, indicates that static 
elastic and first-bending and torsion mode dynamic elastic effects were 
negligible. The discontinuity of points at Op= 10° and above Op- 12° are not 
likely to be due to dynamic elastic effects since inboard wing motions must be 
small, and also since the normal— force fluctuation coefficients decreased with 
increasing dynamic pressure. The smaller discontinuities can be due to the 
positions of the shock waves relative to the transducer locations on the wing. 
The larger disagreements in data must be due to Reynolds number effects on 
leading-edge vortices and separation boundaries. The TACT flight tests will 
enhance the investigation of Reynolds number effects by providing data at 
Reynolds numbers up to approximately 35x10 6 based on c. 


Comparison of Normal Force Fluctuations on Steel and Aluminum Wings . - The 
variations of section and total normal force fluctuations on the TACT l/6-scale 
steel and aluminum models with angle of attack are shown in Fig. 21 for M-0. 80 
and 0.90 and R= 10.5 x 10 6 . Generally, but with some exceptions, the measurements 


of C. 


h„ 


and C 


N, 


from the steel and aluminum models are in good agreement, 


rms rms 

particularly at M=0.80. 


It was" surprising , for example, that the C 


n. 


measure- 


°, were the same from both models since the points depart 


ments at n-0.539, ctp=10 
from a smooth variation with angle of attack. The major differences in the 
normal force fluctuations occurred at M=0.90 at outboard wing sections n = 0-694 
and n-0.849. The higher measurement on the steel wing at n=0.694, Op=12 c 

is shown by corresponding PSDs in Fig. 18 to be due to dynamic elastic effects 
resulting from some coupling between the pressure fluctuations and the second 
bending mode of the wing. It is suspected, but confirmation-is- needed by 
additional data analysis, that the differences In section normal force fluctu- 
ations at ri = 0.849 are also due to dynamic elastic effects. 


F-5A 

Steady-state and fluctuating pressures were measured on a 1/ 7-scale model of 
Northrop F-5A aircraft during two separate tests in the NASA-Ames Research 
Center 11- by 11-Ft. Transonic Wing Tunnel (Fig. 22). For the first tests the 
model was mounted conventionally on the sting support system. Store configur- 
ations, flap and control surface settings, Mach numbers, sideslip angles and 
angles of attack were varied. The model was constructed of steel. For the 
second tests a special sting was designed incorporating a torsional spring and 
damper which allowed the model to oscillate in roll at a natural frequency 
simulating the Dutch roll motion that occurs during wing rock^. The maximum roll 
angle was 21° single amplitude. The analysis of results from the wing-rock tests 
is in progress by Northrop Corporation and is not sufficiently complete to be 
included in this paper, but when complete it will show the unsteady pressures 
associated with wing rock and also whether such a model support with a nominally 
rigid model can be used for prediction of wing rock onset. 
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Previously to the model tests, a buffet flight test program was conducted using 
a fully instrumented F-5A aircraft. The test results of the flight test were 
described in References 12 and 18. The scale model tests were conducted using 
test conditions similar to the flight test conditions so that the dynamic 
pressure data acquired during the flight test and the scale-model tests may be 
compared and evaluated, taking into consideration appropriate scaling relation- 
ships. Selected comparative results are presented in this paper to illustrate 
the separated-flow unsteady pressures on the F-5A and mainly to show the static 
and dynamic elastic effects on buffet excitation. 


Basic Dimensions of the F-5A 


The F-5A is a single-seat fighter capable of carrying stores at wing fuselage 
pylon stations. The flight test was conducted with two wingtip stores (AIM-9B 
Missiles) with guide rails; otherwise the wing was clean. The scale model 
tests were conducted with and without the wingtip missiles. A combination of 
deflected leading edge and trailing edge flaps as well as the case of completely 
retracted flaps were used in the test program. A three-view drawing of the F-5A 
is shown in Fig. 23 with pertinent geometry information. Additional dimensional 
details are given in Reference 12. 


F-5A Instrumentation 


Locations of the static and dynamic instrumentation on the F-5A aircraft and 
1/7-scale model are shown in Fig. 24. The F-5A aircraft and model were each 
equipped with 28 static pressure orifices and 28 adjacent dynamic pressure 
transducers. In addition, semi-conductor strain gages were installed on both 
wing root sections to measure the bending and torsion moments of the wing under 
dynamic loads. There were three accelerometers in the model, one at each wing 
tip inside the missiles and one at the location of the center of gravity of the 
aircraft. 

In the first model test phase, a six-component balance was installed inside the 
model fuselage in front of the sting mounting system. The balance was eliminated 
in the second test phase to make room for the flexible roll and damping device. 
For this latter phase, dynamic data such as the roll angle, the model pitch and 
yaw oscillation angles, and the damping coefficient of the damper were recorded. 
Transition strips were installed on the wing and tail surfaces of the scale model 
at approximately 10% chordwise positions. 


Fluctuating Pressures on F-5A 

Root-Mean-Square Pressure Fluctuations . - Typical chordwise distributions of 
static and fluctuating pressures on the right wing upper surface of the 1/7- 
scale F-5A model are shown in Fig. 25 for M= 0.925 and R= 2.49 x 10 . The side- 
slip angle was 0°; the horizontal tail surface and aileron settings were 0°; and 
the leading edge and trailing edge flap angles were 5° and 12° respectively. 
(Note that the termination points of the pressure distributions were arbitrarily 
drawn to the leading and trailing edges of the wing.) Figure 25 shows the 
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progression and expansion of regions of separated flow with increasing angle 
of attack. At an angle of attack of 6°, slightly above the buffet boundary, 
at M= 0. 925 the shock induced separation and pressure fluctuations i<rere near 
the trailing edge and uniformly distributed over the span. At et= 10°, rath 
moderate to severe buffet conditions, the flow separation and high fluctuatxng 
pressures most extensively covered the outboard half of the rang. The inboard 
attached flow at 0t= 10° is attributable to the vortex created by the high 
sweepback of the inboard leading edge. At o= 14° the flow was separated over 
the whole wing panel. The leading edge vortex no longer delayed separation 
on the inboard wing sections as evidenced by the measurements of high pressure 
fluctuations in this region. 

The static and fluctuating pressure distributions measured on the F-5A aircraft 
are not shown (See References 12, and 18), however, the development and expansion 
of the flow separation regions on the aircraft were similar to the model 
characteristics noted in Fig, 25, but for slightly higher angles of attack. 

In general, for a given angle of attack, and at a given spanwise location, the 
shock tended to stay closer to the trailing edge on the scale model as against 
the flight test results. The scale model had to be at approximately 2° higher 
angle of attack to develop an identical separated flow pattern on the top wing 
surfaces. The cause of this problem could not be isolated, but the two most 
likely contributing factors are: (1) the leading edge flap setting on the model 

was at 5° vs 4° on the aircraft; (2) the aeroelastic effect of the full-scale 
aircraft caused an increase in the local angle of attack in the outer span of 
the wing. It is known that the rang tips of F-5A aircraft twist (washin) approx- 
imately 1.5° to 2° for the load conditions shown in Fig. 25 (M= 0.925, h=10.668Km, 
q= 14.36 KR/m^) . The transient effect of the transonic maneuver, rate of change 
of angle of attack, was considered as a candidate cause, but the results of 
Ericsson and Reding^3 show that the maneuver tends to forestall separation for 
a given angle of attack. 

F-5A Model and Aircraft Power Spectral Densities .- Comparisons of power spectra 
of the pressure fluctuations in separated flow on the F-5A 1/ 7-scale model and 
aircraft are shown in Figs. 26, 27 and 28 for Transducers 2, 5 and 11 respectively. 
The data are for a Mach number of 0.75 with model and aircraft leading and 
trailing edge flaps at 0°. The Reynolds number for the model test conditions 
was 4.71 x 10^ based on c and the dynamic pressure was 30.23 KN/m? (631.3 
lbs/ft^). The Reynolds number for the aircraft flight conditions was 18.90 x 10^ 
at a test altitude of 7.772 KM (25,000 ft). The flight test and model data are 
plotted with reference to the separate scales identified in the figures. The 
•displacement of the scales accounts for the accepted model-flight scaling 
relationships : 



The flow at each of the three pressure transducers was separated from the leading 
edge of the wing at M=0.75. At a=8°, the flow was separated on the outboard 
1/2 of the span. At a>12°, the flow was separated over the complete upper wing 
surface. 
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Comparison of the spectra for the 1/7-scale model and aircraft (Figs. 26, 27, 
and 28) generally shows that reasonable agreement was obtained between the wind 
tunnel and flight tests particularly if allowance is made for the marginal 
statistical accuracy of the flight data. It can be noted that the flight data 
samples were nonstationary due to the variation of angle of attack. The spectra 
of the fluctuating pressures on the model tended to always be higher than the 
corresponding measurements on the aircraft. 

A similar comparison was made between power spectra of pressure fluctuation on 
the model and aircraft at M= 0.925 (not shown). The correlation of results 
was about the same as for the data shown in Figs, 26, 27 and 28 with the 
exception that spectra acquired at a location of a strong shock wave on the air- 
craft did not agree with wind-tunnel data by sometimes as much as two decades. 

This lack of agreement can be attributed to the sensitivity of the shock wave 
location to flight condition variations in the maneuver. Since the pressure 
transducer is at a fixed location, and the mean position of the shock wave 
cannot be followed, the result is a nonstationary press ure-time-history measurement. 

In order to consider the effects of the elastically responding structures the 
model wing-tip acceleration was analyzed for M= 0.75 and a- 8° yielding the PSD 
shown in Fig. 29. The principle vibration modes of the model and sting support 
system have been identified in Fig, 29 and also by arrowheads on the pressure 
spectra at a- 8° in Figs. 26, 27 and 28. Examination of the pressure spectra 
show some prominent peaks in the spectra, mostly at a= 8°, at frequencies 
corresponding to the sting and balance bending mode and the wing second 
symmetrical bending mode. Other modes, including the high-acceleration first 
bending mode did not influence the pressure fluctuations. It is significant 
that coupling occurred at the wing second bending mode on both the F-5A and 
TACT models. It is not clear why in these cases second bending modes dominated 
over a torsion mode, however, the response of the F-5A pressures to the sting 
and balance bending is no doubt due to angle-of-attack oscillations. The 
pressure spectra from the flight tests show no peaks that correspond to any of 
the vibration mode frequencies identified for the aircraft in Table 3. 


DISCUSSION OF AEROELASTIC EFFECTS 


The foregoing results from tests of models and aircraft of different geometries 
and elastic properties have, illustrated the characteristics of pressure fluctu- 
ations that cause buffeting of the complete aircraft or of local structure. 

Aside from using pressure-fluctuation measurements from nominally rigid wind 
tunnel models to investigate the buffet phenomena, such measurements can be used 
for prediction of buffet response 1 ^’ providing they adequately represent the 
corresponding pressures on the full-scale aircraft. The state of the art for 
predicting random response characteristics of a structure by any sub-scale test 
method does not allow precise predictions. Thus the precision required of the 
pressure fluctuation measurements is not like that expected of steady-state 
aerodynamic measurements. Reynolds number effects, wind tunnel wall and flow 
quality effects, etc. are important to all sub-scale tests in wind tunnels; 
however, the main issue on the validity of model pressure fluctuation measure- 
ments for buffet prediction is the questionable effect of aeroelasticity. 



-17- 


Static Elastic Effects 

As with any aerodynamic test of a model, if the shape of the model is not the 
same as the full-scale shape the flow field also will not be the same. With 
respect to buffet excitation, static elasticity was shown in Figs. 14 and 15 
to slightly alter the chordwise positions of the shock waves on the steel and 
aluminum TACT models. The amplitudes of the pressure fluctuations in the 
separated regions were not seriously affected, howeverj as shown by the good 
agreement between corresponding power spectra from the TACT models (Figs. 

16—18) where dynamic elastic effects were not evident. Static elastic effects 
also appeared to influence the separation zones on the F— 5A (discussion in 
section Root— Mean— Square Pressure Fluctuations , F— 5A) . Maneuver loads on the 
aircraft resulting in aeroelastic washin of up to 2° at the wing tips was con- 
sidered a contributing cause of small angle-of— attack differences between model 
and aircraft for development of equal separation zones<> Within the separation 
zones, as with the TACT models, the wind-tunnel and flight PSDs were comparable 
(Figs. 26-28). 


Dynamic Elastic Effects 


The pressure fluctuation measurements on the F— 111A, TACT and F— 5A models 
indicate that buffet excitation can be affected by the dynamic elastic character- 
istics of a model at certain conditions of M, a and q. Pressure fluctuations 
on the F-111A model coupled with the first torsion mode at M= 0.85 from a> 4° 
to a<12° (Figs. 7-9, 11, 12), as identified by the narrow-band peaks in the 
PSDs at the torsion-mode frequency. On the steel TACT model the pressures 
coupled with the second bending mode at M= 0.9, a= 9° (Fig. 18) but not with a 
torsion mode. No coupling was observed in the data from the aluminum TACT 
model, however, only a small amount of data have been analyzed to date. The 
F-5A model data showed influence of the sting support and balance bending motion 
and also influence of the wing second bending mode (Figs. 26, 27). No definite 
dynamic elastic effects were observed in the F— 5A flight data. 

It is significant that the dynamic elastic effects on the pressure fluctuations 
measured on nominally rigid scale model wings appeared to occur only at a very 
limited combination of M, a and q. However, more of the F— 111A data needs to be 
examined and the TACT wind tunnel and flight data analysis needs to be completed 
before the extent of the effect on buffet excitation measurements can be fully 
assessed. There are very few flight measurements of buffet excitation pressures 
available. Possibilities of single-degree-of- freedom aerostructural interactions 
involving the buffet phenomena have been suspected but not confirmed. A limited 
amount of data on the F-4 by Mullans and Lemley^ and the F-5A (Figs. 26-28) show 
reasonable agreement between fluctuating pressure spectra on the corresponding 
models and aircraft. 

As previously mentioned, the dynamic elastic effects of the F-111A, TACT and 
F-5A model wings on the pressure fluctuations in separated flow appeared as 
narrow-band peaks in the pressure PSDs at the frequencies of the interacting 
mode. The response of the wings did not appear to affect the power spectra 
at other frequencies as shown by comparison of PSDs from the TACT steel and 
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aluminum models (Fig. 18) and from the F-5A model and aircraft (Figs. 26-28). 
If this is true and verified by the TACT data, it is probable that reasonably 
correct PSDs can be estimated even for those frequencies where model dynamics 
affect the data by fairing a curve through the base of the peaks that are 
identified as being response dependent. 


CONCLUDING REMARKS 

A large amount of experimental data have been presented that illustrate the 
characteristics of fluctuating pressures and forces that cause buffeting of 
aircraft and/or local structure. The' data which were obtained on several wind 
tunnel models and aircraft including the F-111A, TACT, and F-5A allow an 
assessment to be made of the effects of elastically responding structures on 
the buffet excitation. 

The results show that the fluctuating pressures in separated flow may interact 
with single-degree-of-freedom response modes of wings at certain conditions of 
Mach number, angle of attack and dynamic pressure. Such interactions occurred 
with the first torsion mode on the F-111A model and with the second bending 
modes on a TACT and the F-5A models. The three models were solid steel. Limited 
data analyzed from a solid aluminum TACT model for the same conditions did not 
show evidence of the interaction. Similar interactions between pressures and 
vibration modes can be anticipated for full-scale aircraft, however, no aero- 
structural coupling was observed in the F-5A data. 

Static elastic and Reynolds number differences between wind tunnel models and 
aircraft affect the boundaries of the flow separation on wings and hence the 
total buffet excitation. These effects do not appear to be large relative to 
the expected accuracy of total buffet excitation predictions, however, they 
should not be overlooked. 
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Table 1.— Wind-off Frequencies of Primary Vibration 
Modes of 1/ 6-scale F-111A Model at A= 26° 


Vibration Mode 

— J 

Frequency, Hz 

1st Wing Bending 

27 

2nd Wing Bending' 

98 

1st Wing Torsion 

189 

2nd Wing Torsion 

284 


Table 2.- Wind-off Frequencies of Primary Vibration 
Modes of 1/ 6-scale TACT Models at A= 26° 


Vibration Mode 

Frequency, Hz 

Steel 

Aluminum 

1st Wing Bending 

20.0 

25.3 

2nd Wing Bending Coupled with Tail 
Bending 

89.4 

* 

2nd Wing Bending 

95.9 

98.9 

2nd Wing Bending Coupled With Tail 
Torsion 

116. 

* 

1st Wing Torsion 

140. 

156. 

3rd Wing Bending 

234. 

240. 

2nd Wing Torsion 

256. 

A 

* Not identified 











Table 3.- Computed and Ground Vibration Test Frequencies of 
Identified Vibration Modes on the F-5A Aircraft 
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Figure 1.- Scope of buffet research at NASA Ames Research Center 
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Figure 2.- 1/6-scale semispan model of F-111A 
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Figure 3.- Geometry of 1/6-scale semispan F-111A and TACT models 
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Figure 4.- Location of mean and dynamic, instrumentation 
on 1/ 6-scale F-T11A model 




Figure 5.- Mean and fluctuating pressures on 1/6-scale 
F-lllA model at n=0.602 for A=26°, M=0.85 







Figure 6.- Power spectra and coherence of pressure fluctuations 
on 1/6-scale F-111A model at ri=0.602 for A=26°, M=0.85, a=0° 
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Figure 7.- Power spectra and coherence of pressure fluctuations 
on 1/6-scale F-111A model at rs=0.602 for A=26°, M=0,85, ct=4.0° 
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Figure 8.- Power spectra and coherence of pressure fluctuations 
on 1/6-scale F-111A model at r)=0.602 for A=26°, M=0.85, a=9.1 
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Figure 9.- Power spectra and coherence of pressure fluctuations 
on 1/6-scale F-111A model at n=0.602 for A=26°, M=0.85, a=12.2° 
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Figure 10. - Fluctuations of section and total normal force on 
1/6-scale F-111A model for A=26°, M=0.85 
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Figure 13.- Locations of TACT dynamic pressure transducers 
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Figure 15. 


- Fluctuating pressures on 
for A=26% M=0.90, R«10. 
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Figure 16.- Power spectra of pressure fluctuations on 1/6-scale 
TACT models at ti= 0.694 for A=26°, R=10.5 x 10 6 , 11=0.90, a p =9° 
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Figure 17.- Power spectra of pressure fluctuations on 1/6-scale 
TACT models at n=0.694 for A=26° , R=10.5 x 10 6 , M=0.80, a »12° 
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Figure 22.- 1/7-scale model of F-5A installed in the Ames 11- by 11-Foot Transonic Wind Tunnel. 
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Figure 23.- Basic dimensions of F-5A 
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Figure 24 .- 
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Figure 26.- Comparison o£ power spectra o£ pressure fluctuations 
on F-5A 1 /7-scale model and aircraft from transducer 2 at 
M=0 . 75 , H^-4.71 x 106 , R A/c =18.9 x 10* 
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Figure 27.- Comparison of power spectra of pressure fluctuations 
on F-5A 1/7-scale model and aircraft from transducer 5 at 
M=0 .75, *^=4.71 x 10 6 , R a / c = 18 - 9 x 106 
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Figure 28.- Comparison of power spectra of pressure fluctuations 
on F-5A 1/7-scale model and aircraft from transducer 11 at 
M=0. 75, *,=4.71 x 10®, R A/c =18.9 x 10® 
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